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Singlet oxygen has been postulated to be generated 
by Ultraviolet (UV) A irradiation of mammalian cells. 
We studied the role of singlet oxygen in the down-
stream signaling of the complex UV response leading 
to the induction of matrix-metalloproteinase-l (in-
terstitial collagenase/MMP-l). Exposure of cultured 
human fibroblasts to singlet oxygen, generated in a 
dark reaction by thermodissociation of the endoper-
oxide of the disodium salt of3,3'-(1,4-naphthylidene) 
dipropionate (NDP02 ) induced collagenase mRNA 
steady state levels in a dose dependent manner. The 
increase in collagenase expression after singlet-oxy-
gen exposure generated with 3 mM NDP02 was 
equivalent to that observed with UV A at a dose rate 
of 200-300 kJ/m2 and developed in a similar time 
course. In contrast, mRNA levels of TIMP-l, the 
specific tissue inhibitor of metalloproteinases, re-
mained unchanged. Indirect evidence for the role of 
singlet oxygen in the UV A induction of collagenase 
comes from studies using singlet oxygen enhancer or 
he skin is always in contact with oxygen and now is 
increasingly exposed to Ultraviolet (UV) radiation. 
Therefore, the risk of photo-oxidative damage of the 
skin induced by reactive oxygen species has increased 
substantially. Interest in the biologic effects of singlet 
oxygen was stimulated by results suggesting that singlet oxygen is 
involved in the pathogenesis of various photodermatologic disor-
ders [1-3]. Singlet oxygen can be photogenerated by energy 
transfer from a photosensitizing molecule to a ground- state oxygen. 
In addition to endogenous photosensitizers including porphyrins, 
flavins, and the nicotinamide adenine dinucleotides, the skin has 
access to an increasing number of exogenous photosensitizers in 
cosmetics, medications, drugs, plants, and industrial emissions. In 
addition, oxidative stress stimulates the expression of proteins of 
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quencher. Accordingly, incubation in deuterium ox-
ide, an enhancer of singlet-oxygen lifetime, led to an 
additional increase in steady-state levels of collage-
nase mRNA after exposure to NDP02 or to UV A 
irradiation. In contrast, sodium azide, a potent 
quencher of singlet oxygen, almost totally abrogated 
the induction of collagenase after exposure of fibro-
blasts to NDP02 or to UV A irradiation. Similar re-
sults were obtained in studies of the proteins by 
radioimmunoprecipitation ofMMP-l and TIMP-l us-
ing specific antibodies. Collectively, our data provide 
circumstantial evidence that singlet oxygen mediates 
the UV A induction of collagenase in vitro, whereas it 
does not exert any effect on TIMP-l synthesis. The 
unbalanced synthesis of interstitial collagenase may 
contribute to the connective tissue damage in vivo 
related to photo aging and other photocutaneous dis-
orders. Key words: photoaginglmatvixmetalloproteinases. 
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the heat-shock and glucose-regulated families, as well as the 
heme-oxygenase and ferritin-stress proteins [4 - 6]. 
Singlet oxygen and other reactive oxygen species have been 
implicated in the pathogenesis of the severe connective tissue 
damage in several photodermatologic disorders, including drug-
induced photo toxicity , porphyrias, and photo aging [6 -1 0]. In 
addition, actinic injury of the connective tissue results from long-
standing photochemotherapy. Quantitative and qualitative alter-
ations occur in the dermal extracellular matrix and in the structural 
proteins responsible for maintenance of the dermo-epidermal junc-
tion, leading to the formation of blisters and wrinkles as well as to 
reduced recoil capacity, impaired wound healing, and most likely to 
enhanced tumor invasion. We and others have shown recently that 
UV A irradiation alone, and to a greater extent in conjunction with 
photosensitizing porphyrins, substantially affects the coordinated 
regulation of various matrix-degrading metalloproteinases (MMPs) 
and their inhibitor, tissue inhibitor of matrix-metalloproteinases 
(TIMP-1), itt vitro and in vivo [11-15]. Accordingly, UV A irradia-
tion induced the synthesis of MMP-1, MMP-2, and MMP-3 with 
substrate specificities for dermal (collagens I, III, V) and basement 
membrane compounds (Collagens IV and VII, proteoglycans, 
larninin) , whereas TIMP-1 synthesis was not altered [15]. The 
UV A-induced synthesis of these MMPs was increased sixfold 
compared to synthesis of the mock-irradiated control, whereas a 
20-fold induction of MMPs was detected after UV A irradiation of 
fibroblasts that had been pretreated with uroporphyrin as a known 
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photosensitizer. § We here provide circumstantial evidence that 
singlet oxygen is an important intermediate in the UV A induction 
of collagenase, but does not exert any effect on TIMP-l synthesis. 
Extrapolated to the in vivo situation, this imbalance may contribute 
to the UV A-induced dermal damage seen in different photoderma-
tologic disorders. 
MATERIALS AND METHODS 
Reagents Deuterium oxide (D20) (99.9%) was obtained from Aldrich 
(Steinheim, Germany), and sodium azide from Merck (Darmstadt, Germa-
ny). The endoperoxide of the disodium salt of 3,3'-(1 ,4-naphthylidene) 
dipropionate (NDP02) was prepared as described [16] . The cDNA clone for 
TIMP-l (TIMP p-3.9x; ATCC 59666) was provided by the American Type 
Culture Collection (Rockville, MD). 
Cell Culture Fibroblast cultures were established by outgrowth from 
foreskin biopsy specimens of healthy human donors [17] . Cells were used at 
passages 5 to 10. The cells were maintained in Dulbecco's modification of 
Eagle's medium (DME) (Flow, Meckenheim, Germany) supplemented with 
sodium ascorbate (0.25 mM), glutamine (2 mM), penicillin (400 U/rnl), 
streptomycin (50 J.Lg/ml), and 10% fetal bovine serum, and grown on plastic 
Petri dishes in a humidified atmosphere of 5% CO2 and 95% air at 37°C. 
Cytotoxicity Assay Viability of the cells was checked 24 h after 
incubation with NDP02' sodium azide, or D 20, respectively. We used 
3-( 4,5-dimethylthiazol-2-yl)-2-5-diphenyltetrazolium bromide (MTT) to 
quantify living, metabolically active cells [18]. Mitochondrial dehydroge-
nases metabolize MTT to a formazan dye, and this formation was measured 
photometrically. Viability was calculated as percent of formazan formation 
in cells treated with cytotoxic agents compared to control cells. 
RNA Extraction and Northern Blot Analysis Total RNA was iso-
lated and analyzed in Northern blot experiments by hybridization with 
specific cDNA probes for interstitial collagenase, TIMP-l, and f3-actin, as 
published elsewhere [14,15]. 
Singlet-Oxygen Generation Singlet oxygen was generated by thermal 
dissociation of NDP02 yielding 3,3'-(1 ,4-naphthylidene)dipropionate 
(NDP) and excited singlet molecular oxygen [16]. Infrared emission 102 
was measured with a liquid-nitrogen- cooled germanium photodiode de-
tector (Model EO-817L, North Coast Scientific Co., Santa Rosa, CA), 
sensitive in the spectral region of 800 to 1800 run, with a detector area of 
0.25 cm2 and a sapphire window. The Ge-diode signal was processed with 
a Lock-in amplifier (Model 5205, EG&G, Brookdeal Electronics Princeton 
Applied Research) . An oscilloscope (Model 1222A, Hewlett-Packard Co.) 
was used simultaneously with the amplifier, the chopper, and the germani-
um-photodiode detector. The optical chopper (Model OC 400, Photon 
Technology Int.) was used with a frequency of 30 seconds. Measurements 
were carried out in a cuvette with mirrored walls (35 mm X 6 mm X 55 
mm) [16]. The rate of 102 generation was monitored by the formation of 
NDP, as detected by high performance liquid chromatography methods 
[16,19]. At 15 min after addition of 1 mM NDP02, the rate of 102 
generation was 3 J.LM/min. 
UV A Irradiation The cells were irradiated by a high- intensity UV A 
source (UV ASUN 3000S equipped with the UVASUN safety filters) 
emitting wavelengths in the 340-450-nm range (Mutzhas, Munich, Ger-
many) [20], as published [14,15,21] . 
Radiollnntunoprecipitation Radioimmunoprecipitation was perfornled 
as published elsewhere [15]. Briefly, fibroblast monolayer cultures were 
incubated in methionine-free DME without serum for 45 min. The labeling 
medium supplemented with 0.2 mCi of[35S] methionine (20 J.LCi/ mI , 1000 
Cilmmol; Amersham, Braunschweig, Germany) was added for 8 h. The 
labeling period was terminated by adding 0.1 volume ofDME containing 2 
mmol methionine for 45 min. At 21.5 h post-irradiation, aliquots of the 
culture medium were subjected to immunoprecipitation using antisera 
mono specific for MMP-l [22] and TIMP-l [23]. For inmmnoprecipitation, 
450 J.LI of a mixture containing 0.5 M arginine hydrochloride, pH 8.0, 50 J.LI 
ofl M Tris/HCI buffer, pH 8.6, 30 J.LI of 0.2 M ethylenediamine tetraacetic 
acid, 50 J.LI of20% (v/v) Triton X-l00 in water, and 20 J.LI of antiserum was 
added to samples of culture medium and incubated overnight at room 
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temperature. Inmmne complexes were isolated by adding 40 pJ of protein-
A-Sepharose beads (Sigma, Deisenhofen, Germany). The beads were 
washed four times with 500 J.LI of 0.1 M Tris/HCI buffer, pH 8.6 
supplemented with 250 mM arginine and 1% Triton X-l00 and once with 
water. Antigen-antibody complexes were dissociated by boiling with 40 J.LI 
of sodium dodecylsulfate-polyacrylamide gel electrophoresis sample buffer 
containing 20% glycerol, 10% B-mercaptoethanol, 4% sodium dodecylsul-
fate, 0.125 M Tris, and 0.002% bromophenol blue, pH 6.8, and loaded onto 
10% acrylamide gels [24]. Immunoprecipitated collagenase and TIMP-l 
were visualized by fluorography. 
RESULTS 
Viability of Cells Upon Treatment With Sodium NDP02 , 
D 2 0 and Sodium Azide As ascertained with the MTT assay, 
the concentrations of NDP02 and D 2 0 used in the experiments 
were nontoxic. For sodium azide, even concentrations of up to 100 
mM for 30 min of incubation had no negative effect on cell viability 
(data not shown). This observation is in agreement with published 
data showing that fibroblasts tolerate 100 mM sodium azide even 
up to 2 h [25]. 
Effect of Singlet Oxygen and UV A Irradiation on Steady-
State Levels of Collagenase/MMP-1 and TIMP-1 mRNA 
Exposure of cultured human fibroblasts to 102 generated in a dark 
reaction induced collagenase mRNA levels in a dose-dependent 
manner at a concentration of 0.1 mM and up to 3 mM NDP02 • 
This dose-responsiveness corresponds to our previous observations 
[19]. There was no induction by NDP, the stable product of 
NDP02 thermodissociation (Fig 1). The effect on collagenase 
expression with 3 mM NDP02 was equivalent to that observed 
with 200-300 kJ/m2 UV A, a dose that is acquired easily during 3 
h of sun exposure in June at latitude 400N (Rome) [26]. However, 
TIMP-1 mRNA levels remained unchanged under the same exper-
imental conditions (Fig 1). Similar to the time course of collagenase 
mRNA induction after NDP02-generated 10 2 exposure, UV A 
irradiation elicited an increase in specific collagenase mRNA at 
12-36 h postirradiation (Fig 2). 
In the presence of D 20, the lifetime of singlet oxygen is 
enhanced, thus increasing the cellular response to singlet oxygen. 
Fibroblasts were exposed either to NDP02 or UV A irradiation in 
the presence of 95% D 20. There was a slight increase in steady-
state levels of collagenase mRNA due to exposure of cells to 102 
generated from NDP02 or to UV A irradiation in D 2 0 based 
phosphate-buffered saline compared to that in H 2 0 (Fig 3, Table 
I). In the presence of sodium azide (5 and 20 mM), an efficient 
quencher of singlet oxygen, collagenase mRNA levels were de-
creased after exposure to NDP02 or to UV A irradiation (Fig 3, 
Table I). These results provide circumstantial evidence that 102 is 
a major intermediate in the UV A-induced expression of collage-
nase. 
Biosynthesis and Secretion of Collagenase/MMP-1 and 
TIMP-1 To monitor biosynthesis and secretion of collagenase 
and TIMP-1 proteins, we subjected supernatants of fibroblast 
monolayer cultures to radioimmunoprecipitation using affinity-
purified antibodies against collagenase and TIMP-l. An up to 
twofold induction of the synthesis and secretion of collagenase was 
found after exposure of cells to NDP02 or to UV A irradiation 
compared to the nontreated controls. This induction was even 
more pronounced in the presence of D 20. In contrast, sodium 
azide decreased the amount of secreted collagenase in the fibro-
blasts after exposure to NDP02-generated 102 or after UV A 
irradiation (Fig 4, Table II) . Synthesis and secretion of TIMP-1 
remained unchanged under these experimental conditions. 
DISCUSSION 
There is now compelling indirect evidence for the generation of 
reactive oxygen species in mammalian cells upon UV A irradiation 
[2,27]. We have demonstrated recently that singlet oxygen gener-
ated in a dark reaction by thermal dissociation of the endoperoxide 
NDP02 elicited an increase in mRNA of interstitial collagenase and 
no change of TIMP-l mRNA in cultured human fibroblasts [19]. 
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Figure 1. Increased steady-state levels of MMP-l and TIMP-l 
mRNA upon exposure of fibroblasts to NDP02 or UV A. Total RNA 
from fibroblast monolayer cultures was isolated 24 h after incubation of 
fibroblasts with NDP02 (0.03-3 mM) or after UV A irradiation (300 k]lm2 ) , 
as detailed in Material and Methods. The RNA was separated by electro-
phoresis under denaturing conditions and blotted onto nitrocellulose. 
Hybridization was performed with probes for human interstitial collagenase 
(MMP-l), TIMP-l , and {3-actin. The Northern blot analysis presented here 
shows representative data, which were reproduced in three independent 
experiments. 
Here we provide several lines of indirect evidence that singlet 
oxygen generated by UV A irradiation, at least in vitro, mediates the 
UV A induction of interstitial collagenase. 
Unfortunately, no direct methods exist to detect singlet oxygen 
in irradiated mammalian cells. Chemiluminescence measurements 
at 1270 nm are not suitable for cell cultures. The available chemical 
traps for singlet oxygen as anthracene-9, 1 O-bisethanesulfonate 
were photo-oxidized under the experimental conditions (data not 
shown). Therefore, at this time only indirect methods are available 
for the detection of singlet oxygen in irradiated mammalian cells. 
Nevertheless, the use of a specific singlet-oxygen-generating sys-
tem (NDP02), the effect of singlet-oxygen quenchers (sodium 
azide), and the effect of the enhancer of the lifetime of singlet 
oxygen D 2 0 provide circumstantial evidence that the induction of 
interstitial collagenase by UV A irradiation is mediated by singlet 
oxygen. Using a similar experimental approach, Basu-Modak and 
Tyrrell [28] postulated recently that singlet oxygen is an important 
intermediate in the UV A induction of heme oxygenase-i. 
The potential role of singlet oxygen in the pathogenesis of 
dermal photodamage may be reflected by the clinical experience of 
a substantial improvement in cutaneous symptoms related to con-
nective tissue damage due to a therapeutic decrease of abnormally 
elevated photosensitizing porphyrins in the skin of patients with 
porphyria cutanea tarda, or the administration of carotenoids, 
which are singlet-oxygen quenchers [29,30]. 
Recent evidence from this laboratory has indicated that UV A 
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Figure 2. Titne-course analysis of the induction of MMP-l tnRNA 
after exposure of fibroblasts to UV A or NDP02 . Total RNA from 
fibroblast monolayer cultures was isolated at 0, 1, 3, 6,12,24, and 36 h after 
treatment of the cells with 3 mM NDP02 or with 200 k]lm 2 UV A. The 
RNA was fractionated by electrophoresis under denaturing conditions, 
blotted onto nitrocellulose, and hybridized with the specific cDNA probes. 
The Northern blot analysis presented here shows representative data, which 
were reproduced in three independent experiments . 
irradiation of dermal fibroblasts stimulates the synthesis and release 
of signaling peptides such as interleukin (IL)- lQ', IL-1t3, and IL-6, 
which together-via interrelated autocrine loops-induce the syn-
thesis of fibroblast-derived collagenase (MMP-1) [14,21] . So far it 
is unknown, however, how singlet oxygen fits into the UV A-
initiated sequence of events, and it remains to be elucidated 
whether photogeneration of singlet oxygen precedes and induces 
the release and synthesis of IL-l and IL-6, finally leading to tissue 
degradation. 
Elucidation of the UV signal-transduction pathway has been a 
matter of considerable interest in a variety of laboratories during 
recent years [31,32]. Data by Devary et al [33] have indicated that 
activation of Src kinases occurs within minutes after UV exposure. 
Table I. Induction of Collagenase mRNA Levels After 
Exposure to NDP02 or UV A Modulated by 102 
Quencher or Enhancer" 
NaN) 
Collagenase H 2O D 20 5 mM 20 mM 
NDP02 
1.0 mM 1.5 2.0 ND ND 
3.0 mM 2.4 ND 1.7 1.3 
UVA 
200 k]lm2 2.3 2.8 ND ND 
300 kJ/m2 2.6 ND 1.9 1.5 
a Data were generated by densitometric analysis and represent fold increase over 
control. Experiments were perfonned in triplicate. SO :515%. Densitometric data were 
standardized to J3-actin levels. NO, not done. 
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Figure 3. Modulation of the NDP02 or UV A induction of collag-
enase mRNA by 102 enhancer or quencher. Total RNA from fibro-
blast monolayer cultures was isolated 24 h after incubation of fibroblasts 
with NDP02 (1.0 or 3.0 mM) or after UVA irradiation (200 or 300 k]/m2) 
in the presence of 95% D 2 0 or together with 5-20 mM sodium azide 
(NaN3 ) . The RNA was fractionated by electrophoresis under denaturing 
conditions, blotted onto nitrocellulose, and hybridized with specific cDNA 
probes for collagenase and f3-actin. The Northern blot analysis presented 
here shows representative data, which were reproduced in three indepen-
dent experiments. 
This leads to the activation of nuclear transcription factors, among 
them AP- l , which enhances interstitial collagenase gene transcrip-
tion [32] . Even though some investigators have postulated that 
oxidative damage is involved in the signaling pathway of the 
UV -response, evidence for a role of singlet oxygen has not been 
provided. Our work indicates that singlet oxygen fulfills the criteria 
for a crucial intermediate in the downstream signaling of the UV 
response, resulting in enhanced levels of collagenase mRNA. 
Collagenase is regulated not only at the level of transcriptional 
activation, but also extracellularly. Radioimmunoprecipitation with 
antibodies against MMP-l (Table II) showed an induction of 
collagenase, indicating that the increased level of collagenase 
mRNA is translated and actively secreted into the supernatants after 
exposure to 102 or by photogeneration involving UV A irradiation. 
Subsequent to release, collagenase is susceptible to inhibition by 
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Figure 4. Modulation of the UV A- or NDP02-induced biosynthesis 
and secretion of interstitial collagenase from cultured human 
fibroblasts by enhancing (D20) or quenching (NaN3) singlet oxy-
gen. Secreted collagenase proenzyme was immunoprecipitated from the 
supernatants of fibroblasts incubated with NDP02 or after UV A irradiation 
in the presence of D 20 or with sodium azide (NaN3 ). After precipitation, 
proteins were fractionated by sodium dodecyl-sulfate-gel electrophoresis 
and visualized by fiuorography. The radioimmunoprecipitation shows rep-
resentative data, which were reproduced in three independent experiments. 
Table II. Effect of 102 Quencher or Enhancer on the 
Protein Synthesis of Collagenase and TIMP-l After 
Fibroblast Exposure to NDP02 or to UV A a 
NaN3 
H2O D 2 0 20mM 
Collagenase 
NDP02 , 3.0 mM 1.9 3.1 1.2 
UV A, 200 k]/m2 2.1 3.6 1.4 
TIMP-1 
NDP02 , 3.0 mM 1.1 ND ND 
UV A, 200 kJlm2 1.0 ND ND 
a Data were generated by densitometric analysis of radioimmunoprecipitation of 
fibroblast supernatants with an antibody against interstitial collagenase and represent 
fold increase over control. Experiments were performed in triplicate. SD $15%. Data 
are from experiments such as in Fig 4. ND, not done. 
specific TIMPs [34]. We here demonstrated that synthesis of the 
major inhibitor of matrix -metalloproteinases, TIMP-l, was not 
affected by either UV A or exposure to NDP02 • However, our 
experiments did not provide data on the overall proteolytic activity 
of the secreted collagenase. Nevertheless, we have provided indi-
rect evidence that singlet oxygen, at least in vitro mediates the 
UV A-induced synthesis of interstitial collagenase, whereas it does 
not alter TIMP-l synthesis. Even though experiments specifically 
addressing the proteolytic activity of collagenase are not yet 
available, it is tempting to speculate that this imbalance may 
contribute to the connective tissue damage related to photoaging 
and other photocutaneous disorders. 
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